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Abstract
An experimental investigation has been conducted to study the discharge of liquid CO2 from a pressurized vessel. 
Controlled release tests with different initial vessel pressures have been carried out. This paper focuses mainly on the
high pressure zone inside the vessel and on the fluid expansion zone downstream of the nozzle. The main goal of the
experiments is to get experimental data that help to understand the thermo-hydraulic behavior of CO2 that is being 
released from a pressurized reservoir. This is also of interest for further improvement and validation of existing and 
newly developed release and dispersion models.
In this experimental work, the influence of varying the initial pressure inside the vessel on the outflow is examined. 
For each experiment the flow regime inside and outside the high pressure medium is described and discussed.
© 2013 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of GHGT
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1. Introduction
The use of high pressure transmission pipelines to convey carbon dioxide in the gaseous phase and,
more particularly, in the high pressurized phase, is regarded as an essential element of the development of 
Carbon Capture and Storage (CCS). Pipeline operators will need to be able to demonstrate to regulatory
authorities that such CO2 pipelines can be operated safely and that the risks due to intentional or 
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accidental CO2 releases are well understood and within acceptable limits, in order to obtain a license to 
operate. 
 
CO2 concentrations of around 0.04%, the current value in the atmosphere, are considered to be non-
hazardous. According to the Hazardous Material Handbook [1] the maximum allowed long-term exposure 
to CO2 concentration is 5000 ppm while above 0.5-1.5%, CO2 exposure can be hazardous by entering the 
blood stream (toxicity). An EC study [2] has already classified CO2 -accident 
Agency has also conducted a review into the effects 
of CO2 and has defined exposure limits. With CO2 concentration of 3%, 5 minutes exposure would be 
enough to cause hearing loss. With higher concentrations (5-6%), one minute exposure could lead to 
hearing and visual disturbances while more than one hour exposure could lead to mental depression and 
tremors. Even higher concentrations can be lethal. 
 
The actual release and dispersion models for predicting CO2 outflow from a pipeline needs 
experimental data to be validated and furthered improved.  The presented experimental work which is part 
of the Dutch national program for CCS research CATO2 generates one of the first public experimental 
data regarding CO2 releases. During CO2 release from a high pressure medium (reservoir, tank or 
pipeline) four main thermo-hydraulic regimes can be distinguished [3] and [4]: 
 
a. High-pressure medium. This zone represents the fluid inside a vessel or pipeline. The pressure and 
temperature will drop inside this medium during the release process.  Consequently a fast transition 
from a mono-phase liquid regime to a two-phase liquid/vapor regime will occur with the possibility 
of solid formation.  
b. Expansion zone: In the expansion zone the fluid undergoes a fast drop in pressure from a high 
pressure medium to the atmosphere. The liquid becomes superheated and starts to flash and evaporate 
which produces a temperature drop. In this zone, in the case of CO2, dry ice formation can be 
observed.   
c. Jet zone or entrainment zone: In this zone, the turbulent jet entrains the ambient air undergoing a heat 
and mechanical exchange that results in further breaking up and evaporation of all liquid droplets, 
and sublimation of possible solid formations. 
d. Passive dispersion zone. This area is at the end of the jet zone. The movement of CO2 is no longer 
imposed by the jet but determined by the environment. The CO2 vapor may still have lower 
temperature than that of the surrounding.  
 
In this paper we present an experimental investigation to study the outflow of CO2. The main attention 
is paid to what is happening in the expansion and jet zones as well as inside the high-pressure vessel. The 
main goal of these experiments is to get experimental data that help to understand the thermo-hydraulic 
behavior of CO2 and to further improve and validate existing and newly developed release and dispersion 
models. 
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2. Experimental setup 
The reservoir is a 500 liter stainless steel vessel where the CO2 will be introduced up using a hydraulic 
pump to high pressures to carry out the controlled release experiments. The vessel is equipped with an 
actuator valve and a nozzle. Sensors are mounted on and in the reservoir, as well as in the CO2 jet area 
along the nozzle axis (at 188 cm above the ground). In addition, various cameras are set up to get visual 
data on the outflow. 
 
For safety reasons, the reservoir is equipped with double valves and a safety release valve. The release 
height is 188 cm so that the height of the outflow nozzle limits interference between the CO2 jet and the 
floor. Figure 1 below shows a schematic drawing of the vessel.   
Figure 1 Overview of the CO2 vessel. The valves and main sensors and key geometry aspects are indicated. 
 
 
3008   Mohammad Ahmad et al. /  Energy Procedia  37 ( 2013 )  3005 – 3017 
The measurements to be carried out during the experiment include the following: 
 
a. Measurement inside and on the vessel 
- Dynamic pressure (one sensor at the top of the vessel)  
- Vessel weight using load sensors installed at the vessel bottom 
- Wall temperature (two thermocouples: one on the bottom and one to the top) 
- Heat flux (Five sensors equally distributed on one half side of the vessel, every 45°, from the 
bottom to the top. The sensors also measure temperature). 
b. Measurement in the nozzle 
- Pressure and temperature in the outflow nozzle after the actuator 
c. Release valve 
- Indicator of release valve position, functioning as a device to record the exact time of the start of 
the experiment. 
d. Measurement in the jet close to the nozzle (along the nozzle axis)  
- Temperature using an array of thermocouples  
- Jet shape and characteristics using a high speed camera and an infrared camera 
e. Measurement in the jet (along the nozzle axis) 
- Temperature using an array of thermocouples 
- CO2 concentration using infrared detectors 
 
All sensors are logged with a datalogger. Regular and infrared videos are recorded during the test. A 
high-speed camera is also used, but due to the limited storage space only about 10 seconds of the 
experiment time can be recorded by this camera. 
3. Experimental results 
The experimental work presented below concerns a group of three release experiments that were 
performed in close ambient conditions of around 20°C and 65% humidity. The initial vessel pressure (85, 
118 and 148 bar) conditions are varied while fixing a quarter of an inch nozzle diameter. The CO2 outflow 
lasts until the pressure in the reservoir drops to 10 or 15 bars to prevent dry ice formation in the vessel or 
the outflow nozzle. 
 
The thermodynamic regime inside the vessel has a big influence on the jet characteristics. For this 
reason, measurements are essential to be carried out simultaneously inside and outside the vessel during 
the release process. The uncertainty in the temperature measurement is ±6.6 % at the vessel, ±10 % at the 
nozzle level and ±1.25 % inside the jet (for a temperature below -50°C). The uncertainty in the pressure 
measurements in the vessel and the nozzle is ±0.3 %. The uncertainty in the vessel weight measurement is 
±0.02 % and that of the mass outflow rate is ±5 %. The uncertainty in the CO2 concentration 
measurements inside the jet is ±0.2 %. 
3.1. Inside the vessel 
3.1.1. Regime and weight changes 
Figure 2 shows the evolution of vessel pressure and the corresponding fluid saturation temperature 
during the release experiment. At the start of the release, the initial high pressure of the sub-cooled liquid 
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drops fast (after up to eight seconds) to reach the saturation conditions. In the saturation phase, the effect 
of the mass released from the vessel is partially compensated by the boiling liquid which results in less 
steep pressure gradient. 
 
 
Figure 2 Vessel pressure profile for an initial vessel pressure of 118 bar with the corresponding calculated saturation temperature 
profile. 
The pressure drop rate increases after ti (440 s). At this point the CO2 liquid inside the vessel drops 
below the release orifice level. 
 
Looking to the vessel weight during the test as shown in Figure 3, a constant weight reduction is 
observed in the saturation phase (for t<ti), in other words a constant mass release rate is observed. 
 
 
Figure 3 Vessel pressure and weight profiles (initial vessel pressure of 118 bar and initial weight of around 450 kg). 
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The constant mass flow rate could be a result of liquid CO2 release (as the outflow nozzle is located at 
the low part of the vessel) and the slightly dropping vessel pressure. With the liquid level dropping below 
the nozzle level (at t>ti), the vessel weight drop rate decreases with the vapor outflow. The vapor release 
jet has higher velocity but smaller density and that explains the limited and slow decline in the vessel 
weight with time.  
 
The release experiment was repeated in the same ambient conditions and with the same nozzle of 
diameter of ¼'' but pressurizing the vessel to different initial pressures. Figure 4 shows the pressure drop 
profile inside the vessel for the three release tests. 
 
 
Figure 4 Pressure profile for the three tests with the three different initial vessel pressures. 
In the three release tests, the pressure drops fast to reach saturation conditions within 7-9 seconds. The 
different initial pressure condition appears to have little influence on the saturation pressure regime and 
vapor regime. 
3.1.2. Boiling and phase change 
 
On the CO2 phase diagram, Figure 5 shows the temperature of the liquid and the vapor inside the vessel 
and its evolution during the release process. The two temperatures correspond to two thermocouples: one 
attached to the lower wall of the vessel measuring the adjacent liquid phase temperature, and a second 
attached to the upper wall measuring the temperature of the adjacent phase (the adjacent phase is liquid in 
the first eight seconds of the experiment and then vapor when the saturation regime is reached). 
 
Reaching saturation phase, the figure shows that the temperature of the two phases is higher than the 
saturation temperature indicating the presence of a superheated liquid phase at the bottom of the vessel 
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and a superheated vapor phase at the top. The figure also shows that the liquid inside the vessel is colder 
that vapor on the top.  
 
 
Figure 5 Temperature evolution of the liquid and the vapor inside the vessel during the release process (initial vessel pressure of 118 
bar). 
The evaporating/boiling CO2 extracts energy from the liquid phase, resulting in a colder liquid phase 
inside the vessel. Nucleate boiling is expected to be taking place because the vessel surface temperature is 
higher than the saturated fluid temperature. This temperature difference increases in time, as shown in 
Figure 5, hence causing more nucleation. In these conditions, isolated bubbles are expected to form inside 
the superheated liquid at certain nucleation sites on the wall and separate from the surface. This 
mechanism produces convective heat transfer waves and heat flux. The heat transfer from the wall to fluid 
is expected to be mainly induced by the liquid dynamics at the vessel wall level rather than from the vapor 
bubbles rising to the liquid vapor interface zone carrying the heat with it.  
 
3.2. Outflow zone 
3.2.1. Mass release rate 
The mass flow rate is calculated from the change of the vessel weight that is measured used special 
load sensors. The figure below shows the variations of the mass rate during the release process. At the 
start of the release, high flow rates are observed (Figure 6) due to the high velocity liquid jet (high 
density), caused by the initial high pressure conditions. After the pressure dropping inside the vessel and 
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the transition to the saturation regime, the mass flow rate remains about constant. The low density vapor 
jet in the last release phase results to a decreased mass outflow.  
 
 
Figure 6. Mass flow rate evolution during the release process (initial vessel pressure of 118 bar). 
Figure 7 shows the influence of the initial vessel pressure on the mass flow rate. The difference is 
observed only in the first seconds of the releases where the high initial pressure inside the vessel results to  
a higher velocity liquid outflow and consequently in larger mass flow rate. Reaching saturation phase after 
7-9 seconds from the start of the experiments, the three releases show little influence on the fluid 
discharge characteristics. 
 
 
 
Figure 7. Mass flow rate evolution during the three release tests. 
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3.2.2. Superheated jet 
The apparition of a meta-stable state in fluids occurs during the transition from one thermodynamically 
stable state to another, like a phase change. At the start of the release a liquid jet can be observed using the 
high speed camera images (Figure 8). This is believed to be a superheated or metastable liquid phase, 
induced by the huge pressure drop across the release orifice which is not accompanied by the required 
drop in temperature to conserve thermodynamic stability. As the pressure inside the vessel drops to 
saturation level, the boiling inside the jet starts at the nozzle level resulting in more divergent jet as shown 
in Figure 9. Figure 9 shows also the evolution of the jet shape in the last release phase when the liquid 
level inside the vessel drops below the nozzle level. 
 
 
Figure 8 High speed images during the start of the release (flow direction from left to right). 
 
 
            
Figure 9 High speed images in the middle phase as well as in the last phase of the release. 
The metastability phenomenon of the liquid jet could be shown through the delayed cooling of the jet 
(Figure 10). The delayed cooling indicates a delayed phase change in the jet during the expansion process. 
The coldest point in the jet might indicate that the fluid has (just) passed the meta stability zone and that it 
has been fully expanded. This point tends to be further from the nozzle with a higher initial vessel 
pressure (105 bar), as shown in figure 10. The minimum temperature is reached after 0.5 m. As the 
pressure inside the vessel drops (case of 50 bar), the coldest point is observed nearer the nozzle, indicating 
that the fully expansion occurs very close to the nozzle (0.2 m). 
 
During the release process, no solid precipitations have been observed. That means that any solid CO2 
that might have formed during the fluid expansion process could be recognized and has sublimated 
quickly. 
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Figure 10 Temperature profile inside the jet for different vessel pressures. 
3.2.3. Outflow configurations  
The figure below shows the evolution of the outflow configuration nearby the nozzle along the release 
process. In image 1, immediately after the release start, a dense phase can be observed due to the large 
liquid fraction in the jet at that moment. The start of the boiling inside the jet at the nozzle level, one 
second after the release starts, produces the divergent shape (image 2). 
 
The outflow jet diameter and configurations with the saturation vessel conditions (third and forth 
image) depends on the different boiling mechanisms and the possible solidification at the nozzle. 
 
The last two images 5 (at 450 sec) and 6 (at 500 sec) correspond to vapor outflow with the liquid level 
dropping below release level. In that last phase of the release, a thin solid layer is observed at the 
temperature probes close to the nozzle. This solid layer as well as the whitish color of the jet could also be 
a result of the solidification of the water vapor of the cooling surrounding air. 
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                     Image 1 (Time: 0 sec)                                                  Image 2 (Time: 1 sec) 
 
        
                     Image 3 (Time: 190 sec)                                              Image 4 (Time: 332 sec) 
    
                     Image 5 (Time: 450 sec)                                                Image 6 (Time: 500 sec) 
Figure 11 Video images at different release phases. 
3.2.4. CO2 concentrations  
Error! Reference source not found. shows the CO2 concentration at 3 different locations from the 
nozzle and its evolution during the release and vessel pressure drop. In the first location at 2 m away from 
the nozzle, high CO2 concentrations were recorded. 
 
At instant 1 (corresponding to image 1 of Error! Reference source not found.) the CO2 concentration 
is underestimated by the sensor as higher CO2 concentrations than 12% are expected at the release start 
with the high density jet. That could be explained by the long response time of the concentration sensor 
and the short duration of this phase. The high concentrations at instants 2 and 3 of around 12% are due to 
the high outflow of CO2 at the first phase of the release with liquid phase at the nozzle level. 
 
At instant 4, lower concentrations close to 6% is caused by the bigger vapor fraction of jet that induces 
higher mixing rate with the surrounding. The CO2 concentration at 2 m from the nozzle drops with the 
drop of liquid level below the nozzle (at instant 5). The increase in concentration from instant 5 to instant 
6 despite the drop in the overall CO2 outflow rate could be explained by the change in the jet shape that 
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got narrower in the last release phase increasing locally the CO2 concentration at the nozzle axis close to 
the release point. 
 
Figure 12 CO2 concentrations in different locations (2, 9 and 15 m from the nozzle) and mass flow rate evolution with 118 bar initial 
vessel pressure). 
Looking far from the release point at the 9 and 15 m locations, the CO2 concentrations tend to increase 
more steadily during the saturation phase regime. The concentrations at those locations with the different 
initial vessel pressure conditions show similar profile (Figure 13). The slight drop in the concentration 
observed in the last release phase occurs when the mass outflow rate drops with the drop in the liquid 
level inside the vessel and start of the vapor outflow. 
 
  
Figure 13 CO2 concentrations at 9 and 15 m from the nozzle for the three tests with the three different initial vessel pressure 
conditions. 
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4. Conclusions 
1. The fast drop in pressure after the release onset from the initial high pressure sub-cooled 
conditions is followed by long saturation phase of slowly dropping pressure. The pressure drop 
rate in the vessel increases again with the transition to a mono-phase vapor outflow. 
2. The metastable fluid expanding downstream of the nozzle reaches the thermodynamic stability 
further away from the nozzle with higher vessel pressure (sub-cooled liquid conditions) whereas 
it is closer to the nozzle in vessel saturation conditions. 
3. Close to the nozzle, the CO2 concentrations depend mainly on the jet shape rather than the mass 
flow rate. Looking 9 and 15 m from the release points the concentrations tend to increase 
continuously during the saturation phase regime and then to drop with the transition to vapor 
outflow. 
4. The initial vessel pressure appears to have minimal influence on the pressure drop profile in the 
vessel as well as on the mass flow rate and the other discharge phenomena. 
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